[1] The evolution of the plasmasphere during the moderate 22-23 April 2001 storm is studied by comparing observed plasmasphere behavior to the predictions of a simulation. The plasmasphere observations include global images from IMAGE EUV and density and flow measurements from LANL MPA. The subjective uncertainty in the EUV plasmapause was found to be 0.2L. Inward plasmapause motion was correlated with southward interplanetary magnetic field (IMF), with a 27 min delay. The electric (E) field at the plasmapause was approximately 13% of the solar wind E-field. The observations support the idea that plasmaspheric erosion begins with a partial plasmapause indentation which then gradually widens in magnetic local time (MLT) to encompass the entire nightside. In situ measurements confirm a dayside plume of sunward flowing plasma, and images show that the plume subsequently experienced phases of MLT narrowing and rotation/wrapping. To simulate the event, we employed a test particle representation of the plasmapause using a parametric E-field model that includes corotation and convection from two sources: dayside magnetopause reconnection (DMR) and the subauroral polarization stream (SAPS). The model captures the phases of plume evolution, and it reproduces the observed plasmapause with maximum (mean) error <0.7L (0.24L). The model fails to reproduce important subglobal features (e.g., a predawn plasmaspheric shoulder) and grossly misplaces the inner edge of the rotating and wrapping plume. SAPS contributes significantly to the duskside flows, but the simulated flows are about 50% smaller than those seen by LANL MPA. The simulated plasmapause E-field is about 70% of the EUV-inferred value.
Introduction
[2] Four decades of research have been devoted to studying the dynamics of the plasmasphere, the cold, dense, rotating torus of plasma that surrounds the Earth and forms the innermost part of the magnetosphere [Lemaire and Gringauz, 1998 ]. The plasmasphere is populated by the escape of ionospheric plasma which slowly (over the course of several hours or days) fills magnetic flux tubes. During geomagnetic disturbances the plasmasphere experiences erosion of its outer layers, in which the outer boundary (the plasmapause) generally moves inward on a timescale of a few hours. Thus at any given time the plasmasphere configuration results from its particular history of ionospheric filling and erosion [Carpenter and Lemaire, 1997] .
[3] Plasmaspheric erosion is strongly correlated with intervals of southward interplanetary magnetic field (IMF) [Carpenter et al., 1993; Carpenter, 1995; Elphic et al., 1996; Carpenter and Lemaire, 1997; Goldstein et al., 2003a] . It is generally accepted that southward IMF at the magnetopause leads to dayside magnetopause reconnection (DMR), driving sunward convection in the inner magnetosphere [Dungey, 1961] , and that this sunward convection erodes the outer portion of the rotating plasmasphere. One byproduct of erosion is the plume, an elongated structure that extends outward from the main plasmasphere and into the outer magnetosphere. During erosion, plumes are most often found on the dayside, in the noon-to-dusk sector. The shape and location in magnetic local time (MLT) of a given plume can be described in terms of phases that follow the rise and fall of convection strength [Goldstein and Sandel, 2005] . At the onset of erosion resulting from increased convection, the plume is broadest in MLT extent, often filling much (or most) of the dayside inner magnetosphere. Intervals of prolonged convection cause the MLT extent of a preexisting plume to decrease; more mature plumes are narrower in MLT. When convection tapers off, the plume begins to rotate with the main plasmasphere, often becoming wrapped around it. These phases of plume formation and evolution have been identified in both single-point (in situ) measurements Higel and Wu, 1984; Moldwin et al., 1994; Elphic et al., 1996; Weiss et al., 1997] and global plasmasphere images [Spasojević et al., 2003; Sandel et al., 2001; Goldstein et al., 2004b] .
[4] The details of the erosion process are not completely understood, but some observations suggest that erosion begins with a partial indentation of the plasmapause which subsequently widens in MLT as the erosion progresses [Carpenter and Lemaire, 1997; Goldstein et al., 2004c; Goldstein and Sandel, 2005] . It is unclear whether this widening indentation arises from plasmapause surface waves or is the plasmaspheric signature of a convective front propagating sunward at a finite speed [Goldstein et al., 2005b] . Possibly related to a finite propagation speed of sunward convection, in every event (identified so far) for which reasonably precise timing is available, there is a 10-30-min delay between the arrival of southward IMF at the magnetopause and the subsequent onset of plasmaspheric erosion on the nightside [Goldstein et al., 2003a; Goldstein and Sandel, 2005] .
[5] Models that incorporate sunward convection in terms of a global dawn-to-dusk electric (E) field have been fairly successful at reproducing plasmaspheric erosion and the phases of plume evolution [Grebowsky, 1970; Chen and Wolf, 1972; Spiro et al., 1981; Lambour et al., 1997; Goldstein and Sandel, 2005] . However, a proper inner magnetospheric E-field model must include not just the global E-field imposed by the solar wind but also the important contributions from subglobal effects. It is known that electrodynamic coupling between the ring current and ionosphere can significantly modify the convection E-field. Ionospheric closure of region 2 field-aligned currents (FACs) can produce inner magnetospheric shielding [Jaggi and Wolf, 1973] and a duskside flow intensification known as the subauroral polarization stream (SAPS) [Burke et al., 1998; Foster and Burke, 2002] . The contribution of neutralwind/ionosphere coupling to the E-field experienced by the plasmasphere has also recently drawn attention [Burch et al., 2004] .
[6] Self-consistent simulations [e.g., Spiro et al., 1981; Fok et al., 2001; Liemohn et al., 2004] should in principle provide the most accurate model electric fields, but because these simulations are often computationally expensive, it is also useful to have reasonably accurate parametric (analytical) representations of the inner magnetospheric E-field. Testing parametric convection E-field models via comparison with plasmasphere imaging has confirmed our zeroorder understanding of global solar wind driven convection [Goldstein and Sandel, 2005] , has improved our knowledge of the plasmaspheric effects of subglobal contributions such as shielding and SAPS [Goldstein et al., 2003b] , and has revealed new plasmaspheric features that require explanation [Sandel et al., 2001; Spasojević et al., 2003] .
[7] In this paper we study plasmasphere evolution as affected by convection during and after a moderate storm that began on 22 April 2001. We compare the observed behavior of the plasmasphere to that predicted by a simulation that uses a solar wind and Kp-driven parametric E-field model to evolve a test-particle representation of the plasmapause. We show that the global-scale dynamic behavior of the plasmapause may be quantitatively reproduced via the use of a parametric potential electric field model that includes a newer parameterization of the SAPS effect [Goldstein et al., 2005a] . This study adds to existing evidence [e.g., Goldstein and Sandel, 2005 , and references therein] that certain subglobal phenomena (such as finite-MLT-width indentations and shoulder-like bulges) are probably general features of plasmaspheric dynamics that arise as a consequence of a temporally varying imbalance between convection and inner magnetospheric shielding. The 22 April 2001 storm presents additional evidence of a time delay between the onset of dayside magnetopause reconnection and the onset of nightside plasmaspheric erosion. A byproduct of this study is the quantification of the subjective error in plasmapause location determined from global imaging techniques.
Storm Event 22-23 April 2001
[8] On 22 April 2001 the magnetosphere experienced a moderate geomagnetic storm driven by a magnetic cloud. An overview of the event is shown in Figure 1 . Coincident with a peak Kp value of 6 + (see Figure 1a) , the Dst index ( Figure 1b ) reached a minimum value of À102 nT at 1500 UT on 22 April, and the main phase of the storm lasted well into the following day. Solar wind and interplanetary magnetic field (IMF) conditions recorded by the Advanced Composition Explorer (ACE) [Stone et al., 1998 ] are shown in Figure 1c through Figure 1f . All ACE data have been time-delayed by 63 min to account for propagation to the magnetopause, using a simple distance Ä speed approximation. Plasma density (Figure 1c ) was low to moderate (roughly between 5 and 15 cm
À3
) and solar wind speed V SW (Figure 1d ) fell gradually from 390 km/s to 300 km/s during 22-23 April. The IMF component parallel to the geomagnetic field (B z,IMF in Figure 1e ) was southward for three distinct intervals on 22 April (labeled ''1,'' ''2, '' and ''3'' in Figure 1e ): 0130 -0200 UT, 0217 -0430 UT, and after 0434 UT. Starting at 0900 UT on 22 April, the IMF (Figures 1e and 1f ) exhibited a magnetic cloud signature (a smooth, gradual rotation of the magnetic field direction), during which B z,IMF remained southward. Southward IMF presumably imposes on the inner magnetosphere a globally dawn-to-dusk electric field that drives sunward convection, leading to plasmasphere erosion, as discussed in the next section.
Plasmasphere Observations
[9] The extreme ultraviolet (EUV) imager on board the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) satellite obtains global images of the helium portion of the plasmasphere [Sandel et al., 2001] by capturing 30.4-nm sunlight resonantly scattered by He + ions (which comprise 5 -10% of the total ion population). The EUV instrument is composed of three cameras with slightly overlapping fields of view. The EUV imager observes the high-density portion of the plasmasphere, with a nominally lower sensitivity threshold equivalent to total ion density of 40 cm À3 [Goldstein et al., 2003c] . Extraction of the plasmapause boundary [Roelof and Skinner, 2000] from a sequence of EUV images provides a series of global snapshots of the equatorial plasmapause, with temporal and nominal spatial resolution of 10 min and 0.1 R E [Sandel et al., 2001; Goldstein et al., 2003c] . Lacking a robust automated technique, EUV plasmapause extraction is done manually. As discussed in section 6, the estimated subjective error in the extracted EUV boundaries of 22 April 2001 is 0.2L.
[10] The 22-23 April 2001 IMAGE EUV plasmapause observations are presented in Figure 2 . A dozen plasmapause snapshots are plotted in Figures 2a through 2l , and a summary plot is given in Figure 2m , as described in the caption. Five phases of the event are indicated by the text labels accompanying groups of snapshots whose plasmapause points are all the same color (e.g., all the red points in Figures 2b through 2f go with the label ''Erosion Onset''). Most of the plasmapause snapshots contain no data in the range 1200 -2100 MLT because throughout the event, the camera whose field of view covered the duskside was usually turned off to prevent sunlight from entering the camera, producing a gap in the duskside plasmasphere images.
Initial Plasmasphere, 22 April
[11] Before 0250 UT on 22 April, the nightside plasmasphere had no sharp outer density gradient, as reflected by the diffuse/scattered band of points west of 0600 MLT in the 0240 UT snapshot of Figure 2a . A gradual outer density gradient is typically seen in EUV images after prolonged periods of low-to-moderate geomagnetic activity [Spasojević et al., 2003] , during which ionospheric outflow gradually fills plasmaspheric flux tubes. At 0240 UT the outermost boundary of plasmaspheric plasma visible to EUV was at L % 5 on the nightside and L % 4-5 on the dayside. This type of diffuse outer boundary often reflects not the actual plasmapause but the location where a gradually decreasing density-versus-L profile crosses below the EUV sensitivity threshold [Goldstein et al., 2003c] . Consistent with this, geosynchronous observations before 0524 UT (see Figure 3) show ion number densities all below about 11 cm À3 and roughly 2 cm À3 on average.
Nightside Erosion Onset, 22 April
[12] At about 0250 UT the erosion began (''Erosion Onset'' in Figure 2 ) with a partial plasmapause indentation which subsequently widened in MLT. The EUV outer boundary between 0100-0300 MLT began moving inward, forming an indentation. Unlike the initial boundary of Figure 2a , the indented boundary was well-defined, indicating a steep plasmapause density gradient [Goldstein et al., 2003c] . Over the next 2 UT hours (Figures 2b-2f) , the indentation widened in MLT, and within the MLT range of the widening indentation, the formerly diffuse outer boundary was transformed to a steep outer density gradient with a smoother MLT-shape. The MLT-edges of the widening indentation were marked by ripples, i.e., transitions from reduced plasmapause L and steep outer density gradient (the indentation) to the diffuse, large L outer boundary of the initial plasmapause. For example, the eastern ripple moved from about 0500 MLT (Figure 2b ) to 0600 MLT (Figure 2d ) between 0331 and 0412 UT. MHD-based models and particle models (such as the Rice Convection Model) suggest that inward plasmapause motion results from both inward (compressional) and azimuthal (erosional) plasma motion (see Spiro et al. [1981] , Goldstein and Sandel [2005] , and section 7). With the understanding that eastward corotation should add to (subtract from) the sunward directed convection on the dawnside (duskside), one might expect that the eastward moving ripple (at the eastern edge of the widening indentation) would move faster than the westward moving ripple. There is no discernible difference in the speed of the eastward moving and westward moving ripples of 22 April, perhaps in part because of the duskside gap in EUV coverage (which prevents reliable determination of the speed of the westward moving ripple). However, in other events, the eastward moving ripple typically moves slightly faster despite the presence of duskside flow enhancement by the SAPS effect [Goldstein et al., 2004c [Goldstein et al., , 2005b Goldstein and Sandel, 2005] . Comparing Figures 2a  and 2f shows that the net result of the initial 2 hours of the erosion was a reduction of the nightside plasmapause by about 1.5 to 2 R E .
[13] The black dots in Figure 2m show the nightside plasmapause locations in a 1-hour-wide bin centered at 0400 MLT (i.e., 0330 -0430 MLT), plotted versus time. Shortly after 0240 UT (purple line labeled ''a''), the 0400 MLT plasmapause L value dropped steeply. Throughout much of the rest of the day, the nightside plasmapause continued to move inward, and the inward motion was in phase with intervals during which the inner magnetosphere most likely experienced enhanced reconnection-driven convection. In Figure 2n is plotted the ACE-measured SW , defined as the dusk-to-dawn E-field (V SW B z,IMF ) imposed by the solar wind, which is negative for southward IMF (i.e., sunward convection). The best correlation between negative SW intervals and nightside plasmaspheric erosion on 22 April occurs if in addition to the 63 min propagation delay to bring the ACE measurements to the magnetopause, an additional 27 min delay is added. This 27 min delay . between the arrival of southward IMF at the magnetopause and the subsequent onset of erosion is consistent with previous EUV erosion timing studies [Goldstein and Sandel, 2005] . During intervals of negative (delayed) SW , the nightside plasmapause generally moved inward; when SW changed to positive (or zero) polarity, the plasmapause motion ceased, e.g., at about 0500 UT. Plasmapause inward motion also slowed down or ceased after a prolonged interval of roughly steady convection (e.g., about 1800 MLT), perhaps because a quasi-steady-state balance between convection and corotation had been established or because effective shielding developed [Jaggi and Wolf, 1973; Kelley et al., 1979] .
Broad Dayside Plume, 22 April
[14] Interpretation of the dayside EUV data of 0240 -0450 UT requires more care than the nightside. The diffuse dayside outer boundary probably represents the lower sensitivity threshold (LST) and not an actual plasmapause density gradient. Unlike the nightside where sunward convection moved plasma inward (steepening the density gradient), on the dayside, convection moved plasma outward, blurring an already gradual density gradient. Despite this difficulty, available evidence from EUV images and in situ data indicates that while the nightside plasmapause moved inward, the dayside plasma moved sunward to form a plume, and that this plume narrowed in MLT as the erosion event progressed. This evidence will now be presented.
[15] In the 0700 -1200 MLT sector, the outermost EUV boundary moved outward slightly, from L % 4.5 to L % 5 during 0240 -0331 UT (Figures 2a and 2b ). The same story is told in Figure 2m ; the yellow dots are the plasmapause locations in a 1-hour-wide bin centered at 0800 MLT. This initial motion (between 0240 and 0331 UT) probably indicates that denser plasma was moved to higher L values, shifting outward the location where the gradual density profile crossed the LST.
[16] Within the field of view (FOV) of the EUV images of 0635-0757 UT (Figures 2g and 2h ) the dawnside portion of a broad plume can be seen extending sunward into the dayside magnetosphere. For example, in Figure 2g the plume's dawnside edge crosses geosynchronous orbit (6.62 R E ) at about 1024 MLT. Simultaneous in situ measurements from geosynchronous orbit confirm the presence of the dayside plume implied by the EUV images, as follows. Figure 4 contains ion density and flow information obtained during 0500 -1000 UT on 22 April, in the afternoon sector (1200-1700 MLT) by the Magnetospheric Plasma Analyzer (MPA) instrument [McComas et al., 1993] on board the Los Alamos National Laboratory (LANL) satellite 1994-084. At about 0524 UT and 1210 MLT, the satellite entered a dayside plume (density >10 cm À3 ) whose MLT extent was approximately 3.5 MLT hours (Figure 4b ). Consistent with a plume interpretation of the LANL (and EUV) data, the plasma flows in the same MLT range were directed sunward ( Figure 4a ). Figure 5 shows density and flows from two other geosynchronous platforms. LANL 1991-080 was in the dusk sector during the early phase of the erosion and observed a brief interval of low-density (well under 30 cm
À3
; see Figure 5a ) cold plasma, headed sunward (at about 10 km/s; see Figure 5b ). This sunward moving lowdensity plasma was in the duskside gap in IMAGE EUV coverage (see discussion above) but most likely would have been difficult or impossible to see because its density was mostly well below the nominal EUV sensitivity threshold. a slightly more complete picture of the erosion event and also confirm the presence of low-density plasma moving sunward, probably invisible to IMAGE EUV. As discussed in section 5.3.1, the LANL plume observations in Figure 4b and Figure 5d are in reasonable agreement with the simulation results to be presented later.
[17] In Figure 4a , sunward flow speeds observed by LANL 1994-084 inside the plume steeply increase with MLT. It is likely that SAPS was a major contributor to this duskside flow increase [Goldstein et al., 2004b] . First, the average spatial distribution of SAPS contains a concentration of strong flows near dusk. Second, after about 0719 UT on 22 April 2001, the Defense Meteorological Satellite Program (DMSP) F13 satellite observed (in the ionosphere at about 840 km altitude) a dramatic increase in the strength of sunward flows at subauroral latitudes, from 100 km/s to over 1000 km/s (see Figure 6 ). Such strong sunward flows in the subauroral region are a well-known byproduct of the SAPS effect [Foster and Vo, 2002] . Crudely mapping the 1 km/s ionospheric SAPS flows to the magnetic equator via an R 3/2 dependence gives about 20 km/s, consistent with the duskside LANL-observed flows of Figure 4a . The SAPS effect started to decrease after 1224 UT (see Figure 6) , consistent with the fact that LANL-01A observed reduced duskside flows (relative to those seen by LANL 1994-084) during its later pass through the plume (see Figure 5c ). Thus a SAPS interpretation of the strong duskside flows is justifiable based on both the general spatial and specific temporal properties of the subauroral polarization stream. In section 5.3.2 we support this assertion with simulation output.
[18] The EUV observations during the several hours following the formation of the 22 April plume support the convective model prediction that during prolonged convection, a plume's MLT width gradually shrinks because the western edge migrates eastward [Goldstein and Sandel, 2005] . For example, in the 1 hour 22 min between 0635 UT (Figure 2g ) and 0757 UT (Figure 2h ), the L = 4 crossing of the plume edge moved eastward from 0800 MLT to 0915 MLT. The EUV boundary motion at 0800 MLT (yellow dots in Figure 2m ) also illustrates the plume narrowing process. After about 0500 UT, the EUV boundary (yellow dots in Figure 2m ) began moving inward; this occurred because by 0500 UT the eastern edge of the widening MLT indentation (see section 3.2) reached 0800 MLT. Thus the plume narrowing process, in which the western edge of the plume moves eastward, can be viewed as an aspect of the gradual process of widening of the initial MLT indentation that began the erosion. As mentioned in the last section, the rate of widening of the initial MLT indentation depends on contributions from both convection and corotation. Corotation certainly plays a strong role in the eastward transport of the western plume edge, whereas the westward widening of the indentation (on the nightside) may be more directly related to a propagating convection front (as discussed in section 1).
[19] Further plume narrowing was not directly observed because of a gap in EUV image coverage between 0807 and 1332 UT. After 1332 UT the EUV-observed dayside plasmapause was roughly circular (at L % 2 -3), with a data gap (owing to sunlight contamination) roughly between 1200 and 2100 MLT. Numerous other EUV-observed plume events [Spasojević et al., 2003; Goldstein and Sandel, 2005 ] and the plasmapause test particle simulation of this paper (to be discussed later) lend confidence to the assertion that plume narrowing did in fact occur on 22 April 2001 and that after 1332 UT the narrowed plume was located in the MLT coverage gap of the EUV images.
Shoulder Formation, 22 April
[20] Between 1859 and 2224 UT (Figures 2i and 2j) , the predawn plasmapause moved outward while the post-dawn plasmapause moved inward. The net effect of these two motions was to form a mild shoulder-like predawn bulge of the plasmapause. Predawn plasmaspheric shoulders have been associated with overshielding of the inner magnetosphere following a convection decrease [Goldstein et al., , 2003d , and in accord with this, the mild shoulder of 22 April formed during a period of decreasing SW magnitude (see Figure 2n ). Theoretical studies suggest that overshielding creates a dawnside eddy flow pattern in which predawn plasma flows radially outward and postdawn plasma flows radially inward [Senior and Blanc, 1984; ; this is the flow pattern implied by the plasmapause motion during 1859-2224 UT on 22 April. The shoulder formation can be identified in Figure 2m : during the interval between the two green vertical lines (''i'' and ''j''), the 0400 MLT plasmapause L (black dots) increased while the 0800 MLT plasmapause L (yellow dots) decreased. A similar signature, following the sudden positive turning of SW at 0930 UT on 23 April (1.5 hours after the blue vertical line ''k'') may also have been produced by overshielding. The predawn outward motion of the plasmapause after 1800 UT on 23 April was not a shoulder formation but rather was associated with the gradual eastward rotation of the plume, discussed next.
Plume Rotation, 23 April
[21] For most of the 22-23 April event (save for a few isolated snapshots on 23 April), the duskside plasmapause between 1200 and 2100 MLT was not captured by EUV (because of the aforementioned sunlight contamination). The MLT coverage gap precluded imaging observations that could verify an afternoon-sector plume during the plume narrowing stage of the erosion (after 0807 UT on 22 April), although LANL 1991-080 geosynchronous data (not shown) from 0130 -0430 UT on 23 April do show an apparent plume of 20 -60 cm À3 plasma between 1400 and 1700 MLT.
[22] On 23 April the average magnitude of the convection E-field ( SW ) decreased (relative to 22 April), and the plume rotated eastward. At about 0805 UT on 23 April, the base of the plume rotated out of the MLT gap and was visible to EUV (Figure 2k ). At 1827 UT (Figure 2l ), 9 hours after a drastic reduction (to nearly 0 mV/m) in the magnitude of SW , the eastward rotating plume was fully visible to EUV.
Plasmapause Electric Field
[23] To a very good degree of approximation, cold plasmaspheric plasma is subject only to E Â B drift [Spiro et al., 1981] . With this assumption, the motion of the plasmapause boundary provides some information about the local electric field [Carpenter et al., 1972] . In general, it is possible to infer only E p , defined as the component of the total E-field that is locally tangent to the plasmapause [Goldstein et al., 2004c] . For a perfectly circular plasmapause, E p reduces to the azimuthal component E j . Defining a(j) as the angle between the local plasmapause tangent direction and the azimuthal unit vector, it is possible to estimate E j at MLT locations where a is small [Goldstein et al., 2004c] .
[24] The uncertainty in E j due to subjectivity in the plasmapause extraction is significant. Given a 0.2 L uncertainty in plasmapause L (see section 6), we estimate DE j % 66 L À3 mV/m, where the L À3 factor comes from the dipole B assumed to convert plasmapause motion into an Efield. The uncertainty in E j increases as the eroding plasmpause moves inward, from DE L=6 % 0.4 mV m À1 to DE L=4 % 1 mV m
À1
. The EUV-inferred plasmapause E-field of 22 April 2001 is displayed in Figure 7 .
[25] Figure 7a shows a two-dimensional plot of E j , obtained from E p for a 9°(i.e., cos a ! 0.99 or E p % E j ). Noting that inward plasmapause motion appears in Figure 7a as red-orange color (À0.2 to À1 mV/m), there were two main bursts of erosion, indicated with vertical dashed lines (and labels ''main erosion onset'' and ''2nd burst''). For reference, Figure 7b (black line) plots the dusk-to-dawn solar wind E-field SW (from Figure 2) . It is clear that the erosion intervals are strongly correlated with intervals of negative SW (i.e., southward IMF). Although the main erosion did not begin until 0250 UT, there was some inward plasmapause motion just east of midnight MLT that preceded the main erosion, perhaps resulting from the brief period of negative SW during 0200 -0225 UT.
[26] The E j plot in Figure 7a illustrates that the erosion process affected different MLTs at different times. Erosion began as a partial indentation (in a finite MLT range) which widened to encompass more of the plasmapause. As mentioned earlier, this type of indentation signature has been seen in E-field analysis of other EUV-observed disturbance events [Goldstein et al., 2004c [Goldstein et al., , 2004a and appears to be a consistent part of the global erosion process.
[27] Many models assume that only some fraction of the solar wind E-field is actually experienced by the inner magnetospheric plasma [e.g., Maynard and Chen, 1975] . The ratio of E j to SW gives some indication of this fraction; close to midnight MLT, E j is parallel to ÀY (i.e., to SW ). In Figure 2b the average E j in the MLT range 0000 -0300 MLT is compared to SW . The magnitude of SW is approximately 8 times that of E j , by itself implying 13% transfer of the solar wind E-field to the inner magnetosphere via dayside magnetopause reconnection (DMR). However, we note that DMR is not the only contributor to the plasmapause E-field, as shown by Goldstein et al. [2003b] and discussed in the next section.
Plasmapause Simulation
[28] To test the convection-based interpretation of the 22 April erosion event, we ran a very simple plasmapause test particle (PTP) simulation that has proven reasonably successful at reproducing observations [Goldstein et al., 2003b [Goldstein et al., , 2005a . The PTP formulation represents the changing equatorial plasmapause as an arbitrary (large) number of cold test particles subject only to E Â B-drift in a timevarying convection E-field. Test particles are added or removed as necessary to resolve the plasmapause shape and maintain interparticle distance within the range 0.05 -0.4 R E . For this event the simulation was run with a 30-s time step.
Convection Electric Field
[29] We assume potential flow, ignoring induction electric fields. This limitation precludes treatment of the plasmaspheric effects of substorm dipolarization and magnetic inflation by ring current pressure enhancement. Dipolarization has been observed to produce an impulsive (temporary) distortion of the plasmapause boundary, and magnetic inflation may lead to an observable (1 R E ) outward bulge of the plasmapause in the MLT sector of the partial ring current (generally dusk-to-midnight for substorm injections) [Goldstein et al., 2004a [Goldstein et al., , 2005b . Neither of these effects were specifically identifiable in the plasmasphere observations of 22 April 2001. The total electric field imposed on the test particles is the sum of a corotational (i.e., radially inward) E-field and a convection E-field that on a global scale points from dawn-to-dusk but includes spatial variation on subglobal scales. The convection E-field for the model is assumed to have two sources: a partially shielded DMR-driven part and a contribution from the subauroral polarization stream (SAPS).
DMR Contribution
[30] The DMR-driven contribution to convection is modeled by the shielded equatorial Volland-Stern electric potential [Volland, 1973; Stern, 1975] :
where r and j are the radial and azimuthal cylindrical coordinates in the SM equatorial plane. A uniform dawn-todusk convection electric field of magnitude E 0 would have the potential F uniform = ÀE 0 r sin j. The Volland-Stern convection potential deals with shielding by setting the exponent of r to 2, which produces equipotentials that curve away from the Earth. This crude approximation ignores known azimuthal and temporal variations in the shielding strength [Fejer and Scherliess, 1995] and is inadequate to address overshielding, in which a residual dusk-to-dawn Efield remains after reduction of a strong convection E-field [Jaggi and Wolf, 1973] . In truth, the Volland-Stern potential is not entirely realistic at large r, but inside geosynchronous orbit it is a reasonable tool for studying the effect of DMRdriven convection [Korth et al., 1999] .
[31] In equation (1), A is a normalization constant taken to be
following Goldstein et al. [2005a] . Here E SW j SW j, with the constraint E SW ! 0.1 mV/m (to represent a finite viscous interaction with the solar wind during northward IMF). The normalization constant A is equivalent to 10% of the solar wind E-field applied inside geosynchronous orbit. From Figure 7b the magnitude of the total plasmapause Efield on 22 April 2001 was approximately 13% of the solar wind E-field. To account for the EUV-inferred E-field then requires a second E-field with magnitude equal to 3% of E SW ; in our model this contribution comes from SAPS (see sections 5.1.2 and 5.3.2).
SAPS Contribution
[32] In the magnetic equatorial plane, the subauroral polarization stream (SAPS) is a westward flow channel located at the inner edge of the ion ring current roughly in the dusk-to-midnight MLT sector. The SAPS effect has been demonstrated to play a crucial role in plasmaspheric dynamics; enhanced westward flows near dusk can move the plasmapause inward, smooth its MLT shape, and at times create distinct narrow duskside plumes Goldstein et al., 2003b] . To include this effect, we use an equatorial SAPS model which approximates the radially narrow flow channel as a steep potential drop whose magnitude varies with time and MLT [Goldstein et al., 2005a] . The equatorial SAPS potential is parameterized by Kp (in the range 4 Kp 7), based on observed average SAPS properties [Foster and Vo, 2002] . A major limitation of the Kp-driven model is that it does not really capture the dynamic spatial and temporal properties of SAPS; e.g., the model approximates a brief interval of strong SAPS flows as a longer interval of weaker flows. The model cannot reliably predict the moment-to-moment SAPS strength at its precise location but provides an empirically based estimate for the average SAPS strength that can improve the performance of PTP simulations on the duskside [Goldstein et al., 2003b [Goldstein et al., , 2005a . The output of the PTP simulation is shown in Figure 8 , which is formatted similarly to Figure 2 .
Initial Conditions
[33] The initial plasmapause for the simulation was specified using the IMAGE EUV outer boundary locations of Figure 2a , which are replotted (in the same format) in Figure 8a . In the simulation, the EUV L points of 0240 UT (22 April) were represented by a 200-point discretization of a 40-term Fourier expansion, plotted in purple in Figure 8a . The Fourier expansion agrees with the diffuse band of EUV boundary points to within 0.2-0.4 L. In the range 1200 -2100 MLT where no EUV plasmapause data were obtained, direct assessment of the accuracy of the Fourier expansion is not possible. Output from later in the simulation (section 5.3) is in agreement with LANL MPA observations of the duskside edge of the plume (discussed below), suggesting that the duskside initial plasmapause is not too unrealistic.
Simulation Results
[34] In the equatorial snapshots of Figures 8a through 8l , the black dots show the EUV boundary locations and the solid colored lines plot the corresponding simulated plasmapause curves.
Qualitative Performance
[35] The qualitative, global performance of the PTP simulation is quite good; enhanced convection during intervals of southward IMF (negative SW , Figure 8n ) causes the nightside PTP plasmapause to move inward, and the dayside to move outward and form a broad plume (Figures 8g and 8h) . The plume narrows for several hours (Figures 8i and 8j ) and then rotates and wraps around the main plasmasphere when convection decreases (Figures 8k  and 8l) .
[36] The EUV imager did not observe the duskside plasmapause between 1200 and 2100 MLT, but in section 3.3 we asserted that during 0635 -0757 UT the unseen MLT sector contained a plume. The PTP simulation indeed shows a plume filling the dayside during this time (Figures 8g and 8h ) and where EUV data are available, the PTP plasmapause agrees well with that of EUV, so the model plume is not inconsistent with the EUV images. Moreover, the simulated plume agrees with the geosynchronous (in situ) observations of Figure 4b . In Figures 8e through  8h , the location of the LANL 1994-084 (''L4'') satellite is indicated as a yellow bullseye, and portions of the L4 orbit where dense (>10 cm
À3
) plasma was observed are colored gray. In the simulation, the dayside plasmapause was pulled sunward so that by 0453 UT (Figure 8f ) it was beginning to cross geosynchronous orbit, west of L4's location; shortly afterward at 0520 UT, the virtual (simulated) L4 crossed into the simulated dayside plume. So when the real L4 satellite entered dense plasma at 0524 UT (Figure 4b) , it was probably not crossing the western edge of a preexisting plume but rather seeing a developing plume pass by.
[37] In the PTP model the location of the duskside edge of the plume was relatively stable during the prolonged (steady) convection of 0600 -0900 UT. At geosynchronous orbit, the model plume edge varied only between 1500 and 1520 MLT during this time interval; e.g., compare the blue curves of Figures 8g and 8h in the range 1500-2100 MLT. The LANL data of Figure 4 agree with the model's prediction for the dusk edge of the plume; L4 crossed into low-density plasma at 0850 UT and 1540 MLT, and the MLT of this crossing point (as given by the eastern edge of the gray-colored orbit in Figures 8g and 8h ) agreed with PTP model predictions throughout the prior 3 UT hours. The implication is that the plume edge observed by L4 was stable throughout that time period.
[38] Both the PTP output and the LANL data suggest the presence of a trough of low-density plasma in the interior of the plume. As shown in Figure 4b , between 0640 and 0700 UT (or 1320-1345 MLT), L4 measured an interval of reduced density (10 cm À3 ) relative to the surrounding plume plasma (above 25 cm
). The LANL density profile is what might be expected if L4 passed through a double plume, with duskside and dawnside portions separated by the trough [Goldstein and Sandel, 2005] . The PTP curve at 0635 UT (Figure 8g) contains the hint of a double plume, bifurcated by a local inward boundary deformation (the feature labeled ''S'') just sunward of L4. In the PTP simulation (which in effect models only a single density contour), the feature ''S'' represents a region of lower density in that MLT sector, consistent with the low-density trough in LANL data. The PTP double plume resulted from sunward elongation of a mild duskside bulge and shallow afternoon-sector indentation (labeled ''B'' and ''S,'' respectively, in Figures 8e and 8f) . The bulge B became the duskward branch of the plume, and the shallow indentation S became the trough.
[39] The model results support the interpretation that the postdawn dayside EUV boundary is actually the LST rather than a distinct (i.e., steep) density gradient. For example, in the 0453 UT snapshot (Figure 8f) , the dayside PTP boundary is well sunward of the EUV boundary, but EUV may not have been able to image low enough density to observe the actual outer edge of the plasmaspheric density region. This interpretation is bolstered by the apparent agreement between the dayside PTP plasmapause and the LANL data after 0524 UT.
[40] Available geosynchronous data agree reasonably well with the plasmapause simulation on a global scale. To represent the LANL spacecraft , and LANL-01A), virtual satellites were flown through the simulation, and the locations where they crossed plume edges were recorded. These simulated plume edge crossings are indicated by gray dotted vertical lines in Figure 4b (1994-084) and Figure 5d (LANL-01A). It can be seen that the simulated plume edges encompass most of the densest portions of the observed plume (0520 -0820 UT in Figure 4b and 1120-1410 UT in Figure 5d ), consistent with the fact that the simulated plasmapause represents the outermost boundary of plasma visible to EUV, i.e., density above the nominal EUV threshold (about 40 cm À3 ). The virtual satellite representing 1991-080 (Figure 5b ) did not encounter a plume edge, but this is again consistent with the fact that 1991-080 observed plasma density well below the EUV threshold and outside the main plume structure, and this low-density plasma is not represented by the simulation. While it is encouraging that the coarse global plasmapause shape is being captured by the model, close examination of the data highlights the inability of our approach to capture (1) the dynamics of low-density plasma and (2) the finescale density structure contained within the plume.
Quantitative Performance
[41] The quantitative performance of the model in the midnight-to-dawn MLT sector is shown in Figure 9 . The blue points are the differences between the PTP-predicted and EUV-observed plasmapause L, binned by MLT (bin size 0.15 MLT hours); the maximum (minimum) magnitude of DL is 0.7 (1 Â 10
À4
). The thick black line gives the persnapshot average error (see figure caption), 0.48L or less. The overall average error (red lines) is 0.24L.
[42] The EUV plasmapause evolution (black points in Figure 8 ) bears evidence of a known predawn concentration of penetration E-field during both undershielding and overshielding [Fejer and Scherliess, 1995] . During undershielding (in which shielding is too weak to completely cancel convection), sunward flows are strongest in the postmidnight sector [Goldstein and Sandel, 2005] , causing an indentation of the midnight-to-dawn plasmapause such as found in Figure 8b . On the other hand, predawn concentration of antisunward flows due to overshielding (in which a residual shielding E-field follows a decrease in convection) can create a predawn shoulder-like bulge of the plasmapause , such as happened during 1859-2224 UT on 22 April (Figures 8i and 8j ) and 1000-1200 UT on 23 April (see Figure 8m ), both intervals of decreasing convection. As noted earlier (see discussion of equation (1)), the Volland-Stern convection potential approximates shielding as an MLT-and time-independent distortion of flow streamlines. This approximation ignores the spatial and temporal dependences of shielding, and so in the simulation the predawn sunward flows are too weak during times of enhanced convection and too strong during times of reduced convection. Thus in Figure 9 the predawn error in the PTP model plasmapause is generally positive during strong convection (i.e., L PTP > L EUV before 0800 UT) and negative during decreasing convection strength (i.e., L PTP < L EUV after 1300 UT). The most striking example of this type of disagreement is the failure of the model to reproduce the predawn shoulder of 22 April, 2224 UT (Figure 8j ).
[43] As discussed in section 3.3, LANL observations contain a steep increase with MLT of the sunward flow speed, perhaps due to SAPS. In Figure 4a , the thick gray line plots the flow-speed profile obtained from the PTP simulation output by a virtual LANL satellite. In the simulated profile the observed steep rise versus MLT is not truly captured so that the duskside simulated flows are too weak by a factor of about two. This disagreement is not surprising, considering that the E-field model can reproduce only the average properties of convection and not its detailed spatial/temporal behavior. In particular, the post-0730-UT SAPS flow enhancement (See section 3.3) is a dynamic change not captured by the 3-hour cadence of the Kp-driven SAPS model. To study the possible role of SAPS in the LANL-observed flow-versus-MLT profile, we ran a second version of the code with the SAPS module disabled. The dashed gray line in Figure 4a plots the simulated flows without SAPS; the SAPS model clearly provides a major contribution to the duskside flows. So although the model does not reproduce the exact flow distribution, it does suggest a strong SAPS component. In the non-SAPS simulation, the development of the bulge (''B'' in Figures 8e and 8f) into the duskside branch of the double plume (see discussion in section 5.3.1) takes about an hour longer than in the simulation with SAPS included. In the PTP simulation, the average effect of SAPS is a % 0.5 R E inward displacement (relative to the non-SAPS simulation) of the dusk-to-midnight plasmapause location and this smaller plasmapause is more in agreement with available EUV data.
[44] The model performance is worst during the plume rotation phase. According to the convective model, plume rotation occurs when the corotation-convection boundary (CCB) expands and envelops the plume. Once inside the corotation zone, the plume rotates eastward until it encounters the new CCB. A radial shear in eastward flow speed causes the base of the plume (nearer to the Earth) to rotate faster, distorting the plume's shape and causing it to wrap around the main plasmasphere. The PTP simulation reproduces some aspects of plume rotation/wrapping but misses others. In Figure 8k (0805 UT on 23 April) the nightside PTP boundary (blue curve) lines up nicely with the EUV data (black dots). However, the MLT of the base of the PTP plume is about 1 MLT hour west of the EUV plume base.
This disagreement worsens with time; at 1827 UT ( Figure 8l ) the PTP plume is extremely narrow, just a filamentary structure flush with the CCB. The EUV plume at this time (which occupies the midnight-to-dawn MLT sector in Figure 8l ) was about 2.5 R E wide at its broadest extent (about 0300 MLT). However, as in the earlier snapshot of Figure 8k , the simulated CCB outer boundary of Figure 8l agrees with the EUV plume outer edge at that time. This comparison between the PTP and EUV rotating/ wrapping plumes suggests that the CCB location is being properly modeled but that the dynamics within the CCB are not. Previous studies have suggested that simple corotation and a global convection field are inadequate to capture effects such as subcorotation [Burch et al., 2004] , smallscale flow eddies [Goldstein and Sandel, 2005] , and plasma instabilities [Lemaire and Gringauz, 1998 ].
[45] This point is echoed in the comparison between Figures 2m and 8m . The PTP model L curves (Figure 8m ) are roughly correct, following the EUV L curves (Figure 2m ) to within about 0.7L. However, the subglobal (i.e., <0.7L) scale variations in the EUV curves are not captured by the model.
[46] Figure 7c plots the model azimuthal E-field E j , obtained along the same plasmapause locations as the EUV E-field of Figure 7b . The three curves show the total model E j (black line) and the separate contributions from DMR (blue) and SAPS (red). In the PTP model the total comprises 77% from DMR and 23% from SAPS; these proportions are consistent with the relative contributions mentioned in section 5.1.1. The total E-field, at most about 9 -10% of SW (Figure 7b ) is slightly weaker than that inferred from EUV data (which came to about 13% of SW ). This indicates that in the real inner magnetosphere during this time period, shielding was not as effective as it is in the Volland-Stern model.
Subjectivity in EUV Plasmapause L
[47] The EUV boundary locations for this event were manually extracted with the aid of a graphical program controlled by a computer mouse. In this section we quantify the subjective uncertainty in the plasmapause L. Three of the authors of the paper (JG, BRS, and WTF) participated in a ministudy in which they performed plasmapause extractions from selected images from throughout the day on 22 April 2001. The results are presented in Figure 10 . Each plot of Figures 10a through 10r contains plasmapause L versus MLT from a single EUV image (UT of image indicated in the legend). The largest subjective errors are found either in regions partially obscured by the Earth's shadow (e.g., 2100 -2300 MLT in Figure 10h ) or where the plasmasphere in a particular EUV image possessed no steep, well-defined outer density gradient (e.g., 0300 UT, Figure 10b ).
[48] The bottom three plots show all the plasmapause L values from the ministudy, in L author -versus-L author format. All three combinations of authors are shown: JG versus BRS, JG versus WTF, and BRS versus WTF. The blue lines show the mean difference from perfect agreement (for each plot). The maximum mean difference between two different plasmapause determinations is 0.2L, which we take as the subjective uncertainty in the manually extracted plasma- The bottom three panels show author-versus-author L plots, as described further in the text; from these bottom plots, the subjective uncertainty is 0.2L. pause L. This uncertainty is quite reasonable, considering the nominal EUV pixel size is 0.1R E .
Discussion and Conclusions
[49] We have shown that the global-scale dynamic behavior of the plasmapause may be quantitatively (with 0.7L maximum error and 0.2L mean error) reproduced via the use of a parametric potential electric field model that includes a crude treatment of of the SAPS effect. The model was least successful during intervals of (presumed) undershielding or overshielding, when finite-MLT-width indentations or shoulders were found in the midnight-to-dawn MLT sector, and during intervals of lessened convection, when weaker or slower effects probably play a significant role in the creation of fine-scale plasmaspheric structure. A similar model was employed by Goldstein and Sandel [2005] , but without the SAPS model of Goldstein et al. [2005a] , and compared only with global imaging observations to highlight the phases of plume evolution. Our study uses in situ observations as well as global images and provides a quantitative measure of the success of the model throughout the storm event.
[50] Other than the initial conditions (obtained from EUV observations), the only free parameter in the E-field model is A, the normalization constant for the Volland-Stern convection potential. This constant was specified (by trial and error) to optimize model performance, but the range of acceptable values was guided by consideration of the observed plasmapause E-field (inferred from plasmapause motion in EUV images; see section 4), and the postulate that SAPS must make some finite contribution to the dynamical evolution of the plasmapause (which is justified by previous studies [Goldstein et al., 2003b] ). There is ample precedent [e.g., Maynard and Chen, 1975] for using an available set of plasmapause observations to normalize the strength of convection, and the EUV images should not be discounted as a tool to achieve this end. A single event's worth of global plasmapauses can be equivalent (in sheer volume of data) to an entire in situ mission, and plasmapause points from different MLTs in a single global image are temporally linked (unlike in situ plasmapause locations). Nonetheless, in future simulations, the normalization constant might be better specified directly from observations (e.g., cross-polar cap potentials) rather than inferring it from plasmapause motion.
[51] The PTP model plasmapause could surely be improved. The PTP plasmapause evolution results from the collective motion of the test particles that compose it. These test particles respond only to the specified model electric field, which has contributions from corotation and two sources of convection, DMR and SAPS. The model convection E-field contains both azimuthal and radial contributions. On the nightside where the convection E-field is strongly westward, plasmapause motion results from particle motion that is both inward (from convection) and eastward (from corotation). Near the dawn flank, the dawn-to-dusk convection E-field adds to that of corotation to produce strongly eastward motion. On the duskside where corotation roughly cancels DMR-driven convection, SAPS westward flows dominate. Thus E Â B-drift can account for both compressional (radial) and erosional (azimuthal) motions of the particles that compose the simulated boundary, which should increase confidence in the technique whereby plasmapause motion is used to infer E-fields [Goldstein et al., 2004c] . The good agreement between the PTP-simulated and EUV-observed boundaries implies that the real plasmapause might evolve similarly, as a result of the collective E Â B motion of plasma elements. This hypothesis has been the basis of most (but not all) plasmaspheric models [Lemaire and Gringauz, 1998 ].
[52] In previously studied events, plasmasphere erosion began with a partial indentation of the plasmapause which then widened in MLT to gradually encompass the entire nightside [Goldstein et al., 2004c [Goldstein et al., , 2005b Goldstein and Sandel, 2005] . Our study of the 22 April 2001 erosion event provides more evidence that this widening-indentation process is a general feature of erosion. The location of the initial indentation may be controlled by MLT concentration of the convection E-field. In the 22 April 2001 erosion, the initial indentation was in the postmidnight MLT sector, consistent with observations that show a concentration of penetration E-field in this sector [Carpenter et al., 1972; Fejer and Scherliess, 1995] . During substorm onset, the initial indentation may occur in premidnight MLT [Goldstein et al., 2005b] .
[53] The 22 April plasmaspheric plume observations confirm previous studies that show distinct phases of plume evolution [Spasojević et al., 2003; Goldstein et al., 2004b] . In the early phase of the erosion, the plume formed as a result of the sunward motion of dayside plasma. This sunward motion is implied by the EUV images and confirmed by the in situ LANL observations of plasma density and flow. During relatively steady prolonged convection, the plume narrowed in MLT because the western plume edge migrated eastward while the duskside plume edge remained roughly stationary. The 22 April EUV images directly show only the earliest part of the plume narrowing phase, but it is clearly evident in our simulation (which agrees with available EUV plasmapause data and LANL in situ data). In both EUV images and PTP simulation snapshots, the plume rotation/wrapping phase occurred during intervals of reduced dawn-to-dusk solar wind E-field.
[54] In this paper we have shown results of a simple, parametric equatorial E-field model that includes contributions from dayside magnetopause reconnection (DMR) and the subauroral polarization stream (SAPS). Unlike the DMR contribution (i.e., the Volland-Stern model), the Kp-driven SAPS model potential [Goldstein et al., 2005a] is relatively untested. The good agreement between our PTP simulation and the EUV plasmapauses provides some validation of the SAPS component. We have attempted to model two distinct processes (DMR and SAPS) with separately driven potential functions because in principle, SAPS flows may survive decreases in DMR-driven convection [Anderson et al., 2001 ]. Although we do not necessarily advocate the particular potential functions used in this study, the approach (specification of separate potentials for DMR and SAPS) might be beneficial to future development of parametric Efield models.
[55] In this regard, it is worth concluding with some recommendations for enhancement of our potential functions. One particular innovation might greatly improve model performance: a better parameterization of shielding, including both spatial inhomogeneity (especially the predawn MLT-concentration) and temporal variations. Simply varying the exponent of r in equation (1) might help, but proper treatment of overshielding would require more sophistication, perhaps following the approach of McIlwain [1986] or Freeman et al. [1993] . Although the global features of the 22 April 2001 event (plume evolution, plasmapause motion) were well-captured by the model, clearly our potentials are inadequate on spatial scales below 0.7L, an inadequacy that persists during the entire event. PTP-EUV disagreement is especially apparent in the nearEarth zone dominated by corotation, where the model very poorly captured the inner edge of the wrapping plume.
[56] Our model study illustrates that one can get good agreement with observed plasmapause locations even if the model E-field is deficient. The model generally lacks the (unexplained) mesoscale and fine-scale features of the convection field found in numerous observations [e.g., Wygant et al., 1998 ]. Specific to the 22 April event, the model flows are too weak in comparison to LANL observations (Figure 4a ), and the model's shielding is probably too effective during the first bursts of erosion (Figure 7c) . However, the best agreement between the simulated and observed plasmapauses was obtained on the nightside and duskside during strong forcing by enhanced global convection, where the smaller-scale convection fluctuations are probably less important. The plasmapause may respond on a slower timescale than the variations in the convection field, so that the integrated effect of an ''average-model'' convection E-field produces the same net result as the real field. That said, it is undoubtedly true that to use plasmapause observations to learn more about the inner magnetospheric E-field will require more careful scrutiny of the mesoscale and fine-scale plasmapause structure.
